Abstract: Entrapment of methane-producing microorganisms between semi-permeable synthetic membranes in a multi-layer membrane bioreactor (MMBR) was studied and compared to the digestion capacity of a free-cell digester, using a hydraulic retention time of one day and organic loading rates (OLR) of 3.08, 6.16, and 8.16 g COD/L·day. The reactor was designed to retain bacterial cells with uprising plug flow through a narrow tunnel between membrane layers, in order to acquire maximal mass transfer in a compact bioreactor. Membranes of hydrophobic polyamide 46 (PA) and hydroxyethylated polyamide 46 (HPA) as well as a commercial membrane of polyvinylidene fluoride (PVDF) were examined. While the bacteria in the free-cell digester were washed out, the membrane bioreactor succeeded in retaining them. Cross-flow of the liquid through the membrane surface and diffusion of the substrate through the membranes, using no extra driving force, allowed the bacteria to receive nutrients and to produce biogas. However, the choice of membrane type was crucial. Synthesized hydrophobic PA membrane was not effective for this purpose, producing 50-121 mL biogas/day, while developed HPA membrane and the reference PVDF were able to transfer the nutrients and metabolites while retaining the cells, producing 1102-1633 and 1016-1960 mL biogas/day, respectively.
Introduction
Biogas or biomethane is a renewable energy source with several applications, e.g., car fuel, heating, cooking, or electricity production. Biogas is produced worldwide through anaerobic digestion of sewage sludge and other sources, such as food wastes and landfill contents. The main components of biogas are methane and carbon dioxide, but it may also contain minor impurities, such as H 2 S or N 2 , depending on the raw materials and the process used [1] . The anaerobic digestion process subsequent methane production comprises hydrolysis, acidogenesis, acetogenesis, and methanogenesis. The doubling time of the hydrolysis and acidogenesis bacteria is 1.0-1.5 days, while acetogens and methanogens need 1-4 and 5-15 days for doubling, respectively [2] . This implies that methane-producing microorganisms require a long retention time, and there is a risk of bacteria washing out from the digester. In addition, the methanogens are very sensitive to the process conditions, and their low growth rate results in a relatively long start-up period of up to 3 months [1] . Furthermore, a low dilution rate of the methane-producing microorganisms in the digester, or early withdrawal of the digesting bacteria, reduces the population size of these bacteria significantly; and consequently, the digestion process and biogas production would not further continue. Retaining the microorganisms inside the digester by entrapment might be an appropriate solution to overcome these problems.
Membrane bioreactors (MBRs), recently developed for wastewater treatment, is one of the solutions used to retain the bacteria inside the reactors [3] . Employing MBR has been investigated using different configurations and processes [4] [5] [6] [7] . A laboratory-scale submerged MBR was tested using mesophilic microorganisms with different solid retention times for continuous hydrogen production. It was found that the stability of the MBR and the hydrogen content were very good when the solid (cell mass) retention time (SRT) was increased [8] . In addition, a laboratory-scale submerged MBR was studied, operated and compared to a continuously stirred tank reactor (CSTR) in order to study the performance of the reactor for hydrogen production using anaerobic mixed bacteria. The results revealed that the MBR had better performance than the CSTR and produced more hydrogen gas [9] . Using the MBR process leads to a very stable process with the possibility of reducing the demand of high reactor volumes compared to conventional digesters. Jeong et al. [10] reported the successful use of a submerged anaerobic membrane bioreactor (SAMBR) in a two-phase anaerobic digestion system for effluent treatment of high strength organic waste with improved methane production. Other types of MBRs have also been employed. For instance, swine manure was treated for biogas production with an laboratory-scale anaerobic bioreactor equipped with an external ultrafiltration membrane module [11] . Such systems are generally equipped with only one membrane layer, providing a limited membrane surface area, but may also use additional supplementary compartments, containing different kinds of membranes. Furthermore, these additional membranes need to be frequently washed to enhance the cross flow, which recycles the trapped microorganisms back to the digester.
In previous studies, hydrophobic membrane surfaces frequently exhibited bio-fouling, most likely because of electrostatic interactions between the biomass and the membrane surface. Hydrophobic microorganisms grew in the presence of nutrients, leading to accumulation of biomass and deposition of exhausted metabolites spread on the membrane surface [12] . Hydrophilic membranes, on the other hand, might be less prone to cause bio-fouling on the membrane surface, since they will repel the cell culture [13] . Cellulosic hydrophilic membranes have been favored in membrane bioreactors for ethanol production [14, 15] . They are, however, not suitable for digestion processes [16, 17] due to their low stability in harsh digesting conditions. Recently, polyvinylidine fluoride (PVDF) membrane modules were applied in bioreactors in order to prevent wash-out of the microorganisms and biomass separation. Due to its high resistance against hydrolyzing, this type of membrane is used in wastewater treatment industries [13] . However, there are some issues that hinder the usage of membranes in the biogas production area. To expand the applications of synthetic membranes for biogas production, it is necessary to develop new membranes that have both excellent permeability to biogas and perm-selectivity towards the substrate. We have detected no report in the literature on using digesting bacteria encased in a compact multi-layer membrane bioreactor via employing a novel synthetic membrane of polyamide as a supporting material for biogas production.
The scope of the present work encompassed the introduction of a new design of multi-layer membrane bioreactors (MMBR) in a digestion process for biogas production as well as to investigate a new type of proactive hydrophilized polyamide 46 (synthetic membrane), used to entrap methane-producing microorganisms in the bioreactor for biogas production. Long term digestion processes in the second stage of the anaerobic digestion system, with different organic loading rates, were performed. The total volume of biogas, the total amount of volatile fatty acid and the morphology of the synthetic membranes were determined.
Results and Discussion
Biogas is one of the oldest biological products in the world, and holds a great potential to substitute at least part of the global oil consumption. A long retention time of, for example, 30 days is sometimes a challenge in anaerobic digestion processes, resulting in large digestion reactors and challenging their economic feasibility. In this work, the efficiency of compact multi-layer membrane bioreactor (MMBR) and synthetic membranes used to entrap microorganisms at different feeding rates of synthetic wastewater was investigated, and compared with free cells in a long-term, semi-continuous process.
Biogas Production Efficacy of the Developed Compact Multi-Layer Membrane Bioreactor (MMBR)
In the present study, a membrane bioreactor with a novel configuration for biogas production was developed. The designing of the bioreactor entailed the utilization of an uprising plug flow of the substrates between the membrane layers in order to achieve maximal mass transfer and a higher efficacy of the bioreactor. In the reactor, the bacterial cells are entrapped inside a flat hollow rubber ring (thickness 3 mm, diameter 95 mm), with membranes on both sides as well as circular stainless steel membrane support rings. This layering is repeated inside the reactor [see (1) in Figure 1 ]. The substrate fluid flows between the membranes through the bioreactor providing a cross-flow of nutrients and metabolic products, including biogas, over the membrane surfaces. Durapore ® membrane (hydrophilic PVDF) was used as the membrane reference in this experiment due to their ability to retain the bacterial cells for biogas production [18, 19] . The performance of the compact MMBR was compared to the conventional system with freely suspended cells. The key parameters to monitor anaerobic digestion processes are normally biogas production and volatile fatty acid (VFA) accumulation, which gives an indication of how well the digesting bacteria in the system can handle the degradation of a substrate [1, 2] . For the conventional reactor with free cells, the digesting bacteria were washed out due to the short retention time of the semi continuous process, and consequently, the biogas production was low ( Figure 2a ). The average daily biogas production while feeding with a low organic loading rate (OLR) (3.07 g COD/L·day) was 225 mL. A gradual increase of the OLR to 6.16 and 8.16 g COD/L·day resulted in reducing the biogas production to 77 and 154 mL, respectively, indicating a decline in the reactor efficacy. When running the MMBR with the commercial membrane, Durapore ® , there was no wash out of the cells, and the biogas was produced continuously at all three OLRs. The maximum daily biogas productions were 1016, 1670, and 1960 mL/day at the OLRs 3.08, 6.16, and 8.16 g COD/L·day respectively, on the 3rd, 14th, and 20th day of digestion (Figure 2a ). Using the MMBR containing PVDF membranes resulted in a higher biogas productivity compared to the conventional system with suspended cells. The VFAs were also analyzed during the anaerobic digestion process from both types of reactors. The magnitude of accumulating VFAs in the effluent gives an indication of the efficacy of the digester performance. The VFAs are the substrate for methanogenic bacteria to produce biogas during the digestion process. Gas production normally increases with increasing concentrations of VFA, and also when the OLR is increased, provided that the cells are capable of converting the organic acids to biogas. When using the MMBR containing PVDF membranes, however, the total amount of VFA decreased continuously from the first day of digestion, stabilizing at around 1 g/L, in spite of increased OLRs (Figure 2b ). It means that VFAs were consumed continuously by the retained cells. Furthermore, for the conventional reactor at a high loading rate, the cells were gradually washed out, and the accumulated VFA levels fluctuated during the experimental periods. They decreased during the lowest OLR, but showed an increase followed by a decrease when the two higher loading rates were applied (Figure 2b ). From these results, it can be concluded that anaerobic digestion using a MMBR equipped with PVDF membranes enables a high amount of cells to be retained, so that the VFA can be degraded. On the other hand, the conventional system with free cells fails due to loss of bacterial cells. The results of the present study imply a superior performance of the compact MMBR for rapid biogas production when using synthetic membranes, as compared to using a reactor with free cells. The highest production of biogas, along with the lowest accumulation of VFA, was achieved when using the PVDF membranes. 
Characteristics of the Developed Synthetic Membranes and Their Efficacy for Enhancing Biogas Productivity
Since methane is not affected by the polarity of water molecules (containing non-polar covalent bonds), but the substrates of the methanogenic microorganisms are water-soluble components, the suitability of different synthetic membranes for use in a compact MMBR for biogas production in anaerobic digestion was investigated. Two methods were employed to synthesize membrane filters based on the polymer polyamide 46. Granulated polyamide 46 was blended with a low molecular weight hydrophilic polymer (PVP) in a solvent to create pores, called polyamide 46 (PA). This type of membrane is called a passive membrane. The other method entailed a functionalization of the polyamide 46 into a homogenous hydroxyethylated derivative, to improve the capillary effect and to reduce bio-fouling, called hydroxyethylated polyamide 46 (HPA). The two methods resulted in the membrane to some extent acquiring polarity.
The previous experiment showed a superior performance of a compact MMBR compared to a conventional system for biogas production. However, the reactor efficacy was highly dependent on the type of membrane filter used. Polyamides have been known as high quality organic materials with high thermal and mechanical resistances. Research efforts are taking benefits of their attributes to increase their manufacturability, permeability and solubility; for example, by making them incorporate other chemicals for specific applications [20] . These would make possible the use of polyamides in different applications and is an important research field [21] [22] [23] [24] [25] [26] .
The micrograph of HPA ( Figure 3 ) displays a non-homogenous nanoporous membrane (pore size 70 nm). The average thickness of the membranes was 0.13 mm ( Table 1) . The disordered and uneven spherical surface most probably contains hydroxyl groups (-OH) in the bulk of the polyamide, facilitating the reduction of bio-fouling as observed during the reactor experiments. In contrast, the ordered and smooth surface of the PA (Figure 4 ) with an average thickness and pore size of about 0.11 mm and 280 nm respectively, may enable adsorption of biomass on the surface of the membrane. The asymmetric channels, distributed through the membrane, are probably caused by PVP leaching from the bulk of the polyamide 46. Both developed membranes were installed in a compact MMBR in order to test their efficiency in retaining cells producing biogas. The results are shown in Figure 5a . While working with a compact MMBR using PA membrane which was developed for this experiment as a hydrophobic membrane, the results showed that no wash out of the cells occurred, but the daily biogas production was very low even as the OLR was increased. The daily biogas produced was not significantly higher than for the free cells, with maximum daily biogas produced at 3.08, 6.16 and 8.16 g COD/L·day of 121, 50 and 112 mL, respectively. Looking at the total VFA accumulation in the bioreactor using PA, it was higher than in the reactor with the HPA membranes (Figure 5b ). The total VFA value with the PA membranes decreased notably when using an OLR of 3.08 g COD/L·day, but increased at the two higher OLRs to about 9 g/L. This shows that the process using PA was successful in retaining the bacterial cells, but failed to produce biogas. The results may be explained by that PA was synthesized from polyamide 46 with PVP to create pores, but the structure contains no hydrophilic functional groups; hence there is little or no interaction between the mobile phase and the membrane. Although the PA membrane had a larger pore size than the other membranes (Table 1) , the flow of nutrients through the membranes was still not good. This was probably an effect of its higher hydrophobicity, leading to fouling of the membrane pores by metabolism of microorganism [13] , leading to accumulation of VFA and little or no biogas production. Another synthetic membrane was developed in order to enhance the diffusion of substrates and decreasing the membrane fouling, called HPA. Interestingly, it was obvious that no wash out of the cells occurred, and the biogas production from the membrane bioreactor using HPA increased as the OLR was increased from 3.08 to 6.16 g COD/L·day. The average daily biogas production at 3.08 and 6.16 g COD/L·day were 1102 and 1633 mL per day, respectively. This is at the same level of biogas productivity as the reactor system with the reference membrane (PVDF) (Figure 2) . However, the biogas yield started to decrease slightly after 18 days of digestion, with an OLR of 8.16 g COD/L·day. The daily biogas produced on the last day was 1306 mL, which can be compared with the highest production of 1863 mL on the 18th day ( Figure 5a ). As well as the total amount of VFA when using HPA (Figure 5b ) and PVDF (Figure 2b ) in this experiment were almost similar at the OLRs of 3.08 and 6.16 g COD/L·day, but the VFA-level of effluence from bioreactor with HPA, however, increased to 5 g/L on the last day of digestion. HPA, exhibited a high flow rate of nutrients (VFA), resulting in high biogas production up to 18 days of digestion. After that, the -OH groups on the HPA tentatively started reacting with anions of the carboxylic fatty acids, thereby blocking the hydroxyl groups on the polymer chain. In addition, the HPA membrane's durability decreased slightly during the last week of digestion. This led to loss of some cells, therefore the decrease in efficacy of the reactor system was likely an effect of less bacterial cells towards the end of the experiment. Based on the above results, we conclude that polyamide 46-based membranes can be synthesized and used to retain cells in a compact MMBR for enhancing the biogas production. However, the polarity of the membrane is an important factor for biogas production. The hydrophobic PA was not suitable for biogas production, while the HPA was able to transfer VFAs and release biogas at levels comparable to the commercial reference (hydrophilic PVDF membranes), while retaining the cells.
Experimental

Anaerobic Culture and Medium
An anaerobic culture of methane-producing microorganisms was obtained from a 3000-m 3 municipal solid waste digester, operating under thermophilic (55 °C) conditions (Borås Energy & Environment AB, Borås, Sweden). The inoculum was incubated at 55 °C for 3 days, to keep the microorganism active while consuming the carbon source provided by the inoculum. After incubation, Organic loading rate (gCOD/L·day) Organic loading rate (gCOD/L·day) the inoculum was filtered through a sieve (1 mm pore size) to remove large particles. The digesting sludge was then centrifuged at 14,000× g for 10 min to separate the inoculum, the digesting and methane producing microorganisms, which was loaded between the membrane layers. The substrate used was a mixture of acetate, propionate, butyrate, methanol, and glucose in a basal medium (BM, buffered to pH 7.0 ± 0.2 with NaHCO 3 ), at a concentration ratio of 3:1:1:1:1, respectively [27] .
Synthetic Membranes Preparation
In this experiment, three different kinds of synthetic membranes were investigated. PVDF was purchased from Millipore as a commercial reference membrane, and the others were developed and made in house for this experiment using the casting solution method forming membranes based on polyamide 46 and hydroxyethylated PA 46. Durapore ® membrane filters (PVDF): The membrane was provided by Millipore AB (Solna, Sweden) and used as commercial reference. This membrane comprises a hydrophilic polyvinylidene fluoride (PVDF) that provides high flow rates and throughput, low extractability, broad chemical compatibility, and possibility of operation at high temperature. Its pore size and thickness were 0.1 µm and 125 mm, respectively.
Hydroxyethylated polyamide 46 (HPA) membranes:
The granulated polyamide 46 (Stanly TW300, Mn ~ 24,000 g/mol) was supplied by DSM Engineering Plastics (DSM Scandinavia AB, Åstorp, Sweden). The granulated polyamide was heated up to 50 ± 2 °C in an oven for 3 h. After desiccation to stabilize the weight, 10 g of dried polyamide 46 was gradually mixed with 80 mL formic acid (≥98% purity, 1.22 g/mL at 25 °C), followed by addition of 20 mL 99.8% methanol (0.7918 g/mL at 25 °C) and 10 mL dimethyl sulfoxide (DMSO) (≥99.5% purity, 1.10 g/mL at 25 °C). The solution was heated at 60 ± 2 °C for 15 min, where after 1.13 g anhydrous aluminum chloride (AlCl 3 ) (purity ≥99.9%) was added, and then kept at 75 ± 2 °C for 1 h. After cooling to room temperature, 12 mL acetaldehyde (≥99% purity, 0.785 g/mL at 25 °C) was added slowly. The mixture was heated at 55 ± 2 °C for 30 min, after which it was allowed to cool to room temperature. The solution was further mixed with 300 mL methanol (80%) and stirred for 15 min. The suspended modified polymer was separated from the solution by centrifugation at 8000× g for 5 min. The last step was repeated after mixing with 200 mL methanol (80%) and 15 mL ammonium hydroxide (20%) to remove impurities. After these procedures, the modified polymer was dried at 50 °C for 3 h. Then, 10 g of modified polymer was dissolved in a mixture of 90 mL formic acid and 10 mL water. The solution was poured into a glass cast (35 × 30 × 2 cm). The polymer solution was then kept in an oven at 45 °C for 6 h. The solidified membrane sheet was removed by immersing in water. After drying the membrane films at room temperature, they were subjected to hot-pressing in order to acquire flat sheets.
Polyamide 46 (PA) membranes: Granulated polyamide 46 (10 g) were dispersed in 80 mL formic acid (≥98%) followed by the adding of 4 g polyvinylpyrrolidone (PVP 10, average M n ~ 10,000 g/mol) in 30 mL methanol (99.8%) [28] . The solution was then heated up at 50 °C to acquire a homogenous solution, after which it was transferred into a glass cast (35 × 30 × 2 cm) and dried in an oven at 50 °C for 6 h. The cast was immersed in warm water (60 ± 5 °C) for 2 h to leach away PVP residues from the polyamide matrix, and also to facilitate the removal of the membrane from the glass cast. This process was repeated three times with plenty of warm water in order to secure a complete elimination of PVP residues in the bulk of membrane films. The dried sheets were subjected to hot-pressing and then cut to fit the bed diameter of the bioreactor.
Semi-Continuous Anaerobic Digestion Process
The reactors were made in house from Plexiglas ® sheet, had a total inner volume of 1.5 L and were fitted with rubber seals and an outlet for the biogas (Figure 1) . In this experiment, 17 membrane layers containing a total of 153 g inoculum were added into 800 mL medium in each reactor. In parallel, the same amount of inoculum was used in a reference reactor using free cells. Thermophilic conditions were maintained at 55 ± 1 °C throughout the process by passing warm water from a water bath through the reactor jacket (Figure 1) . The OLR was then gradually increased by increasing the volume of medium fed (Table 2 ). Each loading rate was maintained for 7 days, giving a total digestion process of 21 days. During the digestion, the medium was circulated continuously with a flow rate of 150 mL/min. The first experiment was performed to test the efficacy of a compact MMBR using PVDF membrane and compared to a conventional reactor with free cell. Another was performed in order to investigate the efficacy of the developed synthetic membranes, PA and HPA, for biogas production. 
Analytical Methods
The morphology of the membranes was studied using environmental scanning electron microscope (ESEM-FEI Quanta 200F, Hillsboro, OR, USA) at 1.0 torr and 10 kV at room temperature. Each sample was adhered to a conductive carbon tab, which was placed on an aluminum tilt in the vacuum chamber. Porosity (pore volume distributions) of the membranes which is directly related to the total pore volume was determined by the degree of water uptake (1). To reach equilibrium swelling, the dried membranes were immersed in ultra-pure water overnight at 20 °C, after which the excess water was removed using tissue paper, and the membranes rapidly weighed (W). After that, the membranes were dried in an oven for 2 h at 105 °C and weighed again (W 0 ). The degree of water uptake at 20 °C was calculated using the equation:
(1)
Biogas volume was automatically recorded using "Automatic Methane Potential Test System" (AMPTS, Bioprocess Control AB, Lund, Sweden). Methane and carbon dioxide were measured regularly; using a gas chromatograph (Auto System, Perkin-Elmer, Waltham, MC, USA); equipped with a packed column (Prorapack, Perkin-Elmer, 6' × 1.8" OD, 80/100 Mesh) and a thermal conductivity detector (Perkin-Elmer, Waltham, MC, USA) with an injection temperature of 150 °C. The carrier gas was nitrogen; with a flow rate of 20 mL/min at 60 °C. A 250 µL gastight syringe (VICI; Precision Sampling Inc., Baton Rouge, LA, USA) was used for the gas sampling. The obtained peak area was compared with a standard gas analyzed at the same condition (STP, standard conditions for temperature and pressure, 0 °C and 101.325 kPa). The VFAs in the reactor effluent were analyzed using an HPLC system (Waters, Milford, MA, USA) equipped with an ion-exchange column (Aminex HPX-87H, Bio-Rad, Hercules, CA, USA) working at 60 °C; and a UV detector (Waters, Sollentuna, Sweden). The eluent; 5 mM sulfuric acid; was set at a flow rate of 0.6 mL/min.
Conclusions
Retaining biogas-producing bacteria in synthetic membranes using a MMBR, improved the digestion performance at high dilution and OLRs. Cross-flow of the liquid on the membrane surface, and substrate diffusion through the membranes with no pressure driving force was sufficient for the bacteria to receive the nutrients and to produce biogas. The choice of membrane type was critical. The developed hydrophobic PA was not adequate for biogas production, while the synthesized hydrophilic HPA and the commercial PVDF membranes were able to transfer nutrients and metabolites, while retaining the cells.
